Abstract: Species in the North American clade (NAC) of the Ceratocystis fimbriata complex are mostly weak pathogens that infect native tree hosts through fresh wounds. Isolations from discolored tissue of wounded Tilia americana (basswood) in Iowa and Nebraska yielded a Ceratocystis species that was similar to but distinct from isolates of C. variospora from other hosts. Sequences of 28S rDNA showed that isolates from basswood did not differ from C.
INTRODUCTION
Several host-specialized but otherwise phenotypically indistinguishable species in the Ceratocystis fimbriata Ellis & Halst. complex have been named in recent years , Johnson et al. 2005 , de Beer et al. 2014 , Harrington et al. 2014 . Members of the C. fimbriata complex are wound pathogens on root crops and may cause wilting and cankering on a wide variety of woody hosts (Harrington 2013 Limited morphological variation has made delimitation of species in the C. fimbriata complex difficult, and there appears to be many cryptic species awaiting formal description.
However description of new species based solely on variation in the ITS rDNA region has been problematic (Harrington et al. 2014 , Fourie et al. 2015 . Oliveira et al. (2015) contrasted different species recognition concepts for delimitation of species in the complex and recommended the traditional phylogenetic species concept, which requires a diagnosable phenotype to delimit phylogenetic lineages as species (Harrington and Rizzo 1999) . Johnson et al. (2005) harringtonii (de Beer et al. 2013) . Several phylogenetic lineages within C. variospora were considered to be potential new species, including one isolated from wounds on American basswood, Tilia americana. Isolates from wounds on basswood were not interfertile with other strains of C. variospora from Quercus and Prunus, and their ITS rDNA sequences differed slightly.
Isolations from discoloration surrounding wounds on basswood trees in Iowa and Nebraska yielded isolates morphologically similar to but distinct from C. variospora and with unique ITS rDNA sequences, indicating that the basswood fungus was a unique lineage within the NAC that may be specialized to colonize wounds of this host. The aim of this study was to further determine if basswood strains are phylogenetically and phenotypically distinct from other members of the NAC and warrant separate species recognition.
MATERIALS AND METHODS
Collection of isolates.-Isolates were obtained from four living Tilia americana trees at three locations. The tree at the Ogden, Iowa, site was artificially wounded, and isolates of the fungus (C1954, C1959) were recovered from the edge of the wounded tissue (Johnson et al. 2005) . A small-diameter tree in Ames, Iowa, was damaged from a larger fallen tree, and the fungus was recovered (C2131) from the wounded area. A row of large, planted trees with substantial branch dieback was examined in Omaha, Nebraska. The trees had suffered storm damage several years earlier, and many of the major branches had sapwood discoloration coming down from the broken branch tops.
Isolation attempts from two of the trees yielded six isolates (C2525 and C2623 from tree 1 and C2620, C2621, C2622 and C2624 from tree 2). In most cases the fungus was baited from the wounded area of discolored sapwood tissue with the carrot sandwich technique (Moller and deVay 1968) . Ascospore masses from perithecia formed on the carrot disks were transferred to agar media for purification and storage. Only one isolate from each tree was used in phylogenetic analyses.
DNA extraction and sequencing.-Isolates were grown on MYEA (2% malt extract, 0.2% yeast extract, and 2% agar) for 10 d at room temperature (approximately 23 C), and DNA was extracted from the superficial growth and sporulation using PrepMan™ Ultra (Applied Biosystems, Foster City, California).
The ITS rDNA sequences were generated with primers ITS1-F and ITS4 following the procedures of Johnson et al. (2005) . The D1/D2 domain of the 28S (LSU) rDNA gene region was amplified with the primers LROR (5′-ACCCGCTGAACTTAAGC-3′) and LR5 (5′-TCCTGAGGGAAACTTCG-3′) and sequenced with primers LROR and LR3 (5′-CCGTGTTTCAAGACGGG-3′). The thermo-cycler settings were 85 C for 120 s, 95 C for 95 s, 36 cycles of 58 C for 60 s, 72 C for 80 s and 95 C for 70 s, followed by 52 C for 60 s and 72 C for 15 min.
A 500 bp fragment of the Cerato-platanin gene region (Pazzagli et al. 1999 , Fontana et al. 2008 , Chen et al. 2013 was amplified and sequenced with newly developed primers for the C. fimbriata complex based on the original sequence from C. platani: CP-2F (5′-TCCTACCCATGATTGCCAGC-3′) and CP-1R (5′-ACAACAGCGTACTGCCTTCAT-3′), with thermo-cycler settings as in the PCR for 28S rDNA. For TEF1α, the primers EFCF1 (5′-AGTGCGGTGGTATCGACAAG-3′) and EFCF6 (5′-CATGTCACGGACGGCGAAAC-3′) were used to amplify a product of about 1600 bp that included portions of three exons and two introns (Harrington 2009 , Oliveira et al. 2015 . Additional primers EFCF2 (5′-TGCTCAACGGGTCTGGCCAT-3′) and EFCF3 (5′-ATGGCCAGACCCGTGAGCA-3′) also were used for sequencing. Thermo-cycler settings for amplifying the TEF1α region included an initial denaturation at 85 C for 120 s folowed by 94 C for 95 s, with 36 cycles of 60 C for 60 s, 72 C for 90 s and 94 C for 35 s, folowed by final extension of 60 C for 60 s and 72 C for 15 min.
Phylogenetic analyses.-Isolate C1476 (ICMP 8579) of C. fimbriata from sweet potato in Papua New Guinea was used as outgroup taxon for 28S rDNA, TEF1α and Cerato-platanin analyses because it is a member of the Latin American Clade. Sequences of each of the three datasets were manually aligned, but some ambiguity was found in the alignment of the TEF1α introns, and the intron regions therefore were eliminated from the analysis. Sequences of the three-gene regions were analyzed separately and a combined dataset was submitted to a partition homogeneity test (PHT) with PAUP 4.0b10 (Swofford 2002) to determine whether the datasets could be combined.
For maximum parsimony analysis (PAUP 4.0b10), gaps were treated as a fifth base, all characters had equal weight and the heuristic searches used simple stepwise addition and tree-bisection-reconnection. Bootstrap values were calculated with 1000 replications. For Bayesian analyses, the best model of nucleotide substitution for each gene was selected according to Akaike information criterion (AIC) using MrModeltest 2.3 (Nylander, 2004) .
Multigene Bayesian inference (BI) was conducted for the aligned dataset of the sequences of 19 isolates for 28S rDNA and for sequences of 34 isolates for the TEF1α and Cerato-platanin datasets. The analyses were conducted with the software MrBayes 3.1.1 (Ronquist and Huelsenbeck 2003) using the algorithm of Markov chain Monte Carlo (MCMC) with two sets of four chains (one cold and three heated) and the stoprule option, stopping the analysis at an average standard deviation of split frequencies of 0.01. The sample frequency was set to 1000, and the first 25 percent of trees were removed. Phylogenetic trees were viewed and edited in Fig Tree 1 .3.1.
(http://tree.bio.ac.uk/software).
Pathogenicity tests.-Host specialization was tested in two cross inoculation experiments with seedlings of two hosts, T. americana and Quercus macrocarpa (bur oak), three isolates (C1954, C2131, C2622) from T. americana, and three isolates of C. variospora (C1837, C1846, C1964) from wounds on Quercus spp. (Q. rubra, Q. robur, Q. macrocarpa respectively) in Iowa. For each of the two experiments, seven inoculation treatments, consisting of three isolates from each of the two hosts and a control, were applied to each host with three replicates (seedlings) in a random design. Dormant 12 mo old bareroot seedlings of basswood and bur oak were planted in 15 cm pots in potting medium amended with Osmocote slow-release fertilizer in a greenhouse and inoculated 6 wk after bud break. A self-fertile, single-ascospore strain of each isolate was transferred onto MYEA and grown at room temperature (≈ 23 C) for 10 d. The plants were wounded by making a 3-mm-deep, downward-slanting cut from the outer bark into the wood with a sterile scalpel at 3 cm above ground. Agar disks (5 mm diam) with mycelium and spores were placed in the wound, and the inoculation site was wrapped with Parafilm. After 60 d or at the time of death, each stem was sectioned vertically and the length of xylem discoloration above and below the point of inoculation was measured. The partition homogeneity test conducted for the three gene regions resulted in P = 0.01, which is considered low (Cunningham 1997). Therefore phylogenetic analyses were conducted for each gene region separately.
An alignment of 593 characters of 28S rDNA showed little variation among the 19 isolates analyzed, with 552 characters constant and only nine parsimony-informative characters.
Two sequences were identified among the three analyzed isolates from T. americana, but these sequences were not distinguishable from those of some isolates of C. variospora, except for isolate C2131 (FIG. 1) . Parsimony analysis resulted in one most parsimonious trees of 29 steps ( (FIG. 4) . The controls remained asymptomatic and had only a trace of xylem discoloration at the inoculation point. After evaluation of xylem discoloration, the inoculated pathogen was re-isolated from each of the seedlings, but no fungus was recovered from the controls.
In both experiments isolates from T. americana and Quercus spp. caused greater xylem discoloration in their respective hosts than in the other host (FIG. 5) . The three T. americana seedlings inoculated with T. americana isolate C1954 died in the first experiment, and two of the three T. americana seedlings inoculated with T. americana isolate C2131 died in the second experiment. No other seedlings died.
The ANOVA showed significant variation in the length of xylem discoloration among the six isolates and between the two inoculated host species, and there was significant isolate × host interaction in each experiment (F = 13.38, P < 0.0001, F = 14.59, P < 0.0001 respectively), indicating host specialization. The ANOVA showed a significant difference between the two experiments, and they were not combined in the analyses (FIG. 4) because variances of the two experiments were not homogeneous.
Morphological characterization.-Isolates obtained from T. americana were distinguished from C. variospora isolates from Quercus spp. in the pigmentation of their mycelia and extent of linear growth at 7 or 10 d on MYEA (FIG. 4) . Ceratocystis variospora isolates from Quercus spp. were more darkly pigmented, tending to dark brown, while isolates from T. americana were initially whitish, then turned to pale brown-gray. The extent of linear growth (colony diam at 7 d) of the isolates from T. americana (C1954 = 3.8 cm, C2131 = 3.6 cm, and C2622 = 4.3 cm) was less than that of isolates of C. variospora from Quercus spp. Harrington, isolate C2622 (= CBS 137356).
DISCUSSION
The 28S rDNA sequence of isolates of C. tiliae is the same as that of some isolates of C.
variospora, but the ITS rDNA of the C. tiliae isolates differed, and analyses of TEF1α and Cerato-platanin DNA sequences showed that isolates of C. tiliae form a distinct phylogenetic lineage. In Johnson et al. (2005) isolates from T. americana had ITS sequences and allozymes similar to other members of the C. variospora group, but intesterility tests showed that isolates from T. americana were able to mate only with themselves and not with Prunus or Quercus isolates of C. variospora, suggesting that C. tiliae is a distinct biological species. It is now clear that C. tiliae is phenotypically distinct from Quercus isolates of C. variospora because the mycelium is less pigmented and it grows slower than Quercus isolates, and C. tiliae colonizes wounds of living T. americana more aggressively. Although isolates of C. tiliae were aggressive in inoculation tests and the fungus has been recovered from the sapwood below dying branches of T. americana, it is unclear whether C. tiliae kills branches or stems of T. americana in nature. Johnson et al. (2005) suggested that there were likely cryptic species within C.
variospora, but they were unable to characterize further species in the NAC using the 
